M. CIVAN. Aldosterune and
insulin effects on driving force of Na+ pump in toad bhdder.
230 (6): 1603-1608. 1976 . -Both aldosterone and insulin increase active Na+ transport across the urinary bladder of the toad. Recent data have provided further support to the concept that aldosterone acts primarily to increase Na+ entry from the mucosal medium into the transporting cells, whereas insulin acts to increase active Nat extrusion into the serosal medium. To examine this concept further, the driving force (ENa) of the Na+ pump was measured, by the technique described by Yonath and Civan (48) , before and after hormonal administration.
Both hormones increased short-circuit current, but only insulin increased ENa. The validity of the technique was further explored by imposing periods of hypoxia upon a series of experimental hemibladders; as expected, hypoxia reversibly decreased ENa. The data indicate that insulin stimulates Na+ transport, in part by directly stimulating the Na+ pump. The results are also consistent with the concept that aldosterone stimulates net Nat movement solely by enhancing Na+ entry into the transporting cells, but are subject to alternative interpretations.
E,,; electrical conductance; vasopressin; active transport; hypoxia; sodium entry THE ISOLATED URINARY BLADDER ofthetoad can actively transport Na+ from the mucosal to the serosal bathing medium. The hormones vasopressin (28), aldosterone (9), and in su in 1 (24) all markedly increase this net transport. Vasopressin appears to act largely or entirely by reducing the resistance to Na+ entry from the mucosal solution into the transporting cells (4, 6, 8, 23, 33, 34, 48) . The mechanisms of action of aldosterone (9, 15, 17, 43, 44) and of insulin (II, 24) have been less clearly defined.
As initially suggested by Edelman and his colleagues (14) and by Williamson (47) , aldosterone has been found to induce the production of one or more proteins (1). This protein may act upon the cell membranes either directly itself or indirectly by altering lipid biosynthesis of the transporting cells (29) . Whatever the intermediary biochemical events, the final mode of action of aldosterone on Na+ transport has remained controversial. Specifically, it has been unclear whether aldosterone acts, like vasopressin, primarily by increasing Na+ entry from the mucosal medium (10, 42) , by increasing Na+ extrusion from the cells into the serosal medium (14, 18, 37) , or by a combination of both mechanisms (30).
Considerably less information is available concerning the mechanism of insulin's natriferic effect on toad bladder and renal tubules* Insulin too has been reported to stimulate a selective as well as a more generalized protein synthesis by toad bladder (1). The hormone has been tentatively presumed to stimulate Na+ extrusion from the transporting cells of this (11) and other (22, 36) preparations.
Recently, Crabbe et al. (12) have examined the interactions in toad bladder between ouabain and vasopressin, aldosterone, and insulin. Their observations further support the concept that aldosterone acts primarily to increase Na+ entry and that insulin acts primarily to increase Na+ extrusion. Under these circumstances, we would expect insulin but not aldosterone to increase E NaT the maximum electrochemical driving force against which Na+ can be actively transported. The current study was performed in order to examine this hypothesis.
METHODS
Female specimens of the toad Bufo marinus were force fed meal worms weekly and maintained on moist wood chips during the months of December through May. All of the experiments to be reported were performed on tissues from toads obtained from the Dominican Republic (National Reagents, Inc., Bridgeport, Conn.) except for those of eqt 13 and 14 (Table 2) obtained from South America (The Pet Farm, Miami); similar results were obtained with both types of toads.
P&red urinary hemibladders from doubly pithed animals were mounted in separate Lucite chambers-of 5.9 cm" cross-sectional area, providing experimental and control samples from the same bladder. The serosal surface of each tissue was supported by nylon mesh. The volume of the mucosal medium (35 ml) exceeded that of the serosal medium (25 ml) to maintain a slight difference in hydrostatic pressure across the preparation.
Tissues to be treated with aldosterone were obtained from toads kept in 0.6% NaCl solution for at least 2 days; four pairs of tissues (expt Al, AZ, A7, and A8, (lot no. 615-D63-10, 25 .4 U/mg) was dissolved in 0.001 N HCl and added to a final serosal concentration of 5 mu/ml. When vasopressin, aldosterone, or insulin was added to the serosal medium of one hemibladder, an identical volume of Ringer solution, methanol, or 0.001 N HCl, respectively, was added to the serosal medium bathing the paired tissue. Before adding aldosterone, sodium pyruvate was introduced to provide final mucosal and serosal concentrations of l-2 mM for both experimental and control hemibladders.
As previously described (13), the experimental protocol consisted of clamping the transepithelial potential at 0 mV except for 9-s intervals every 30 s, when the transepithelial potential was increased to 10 mV (serosa positive to mucosa); voltage pulses were provided by a pulse generator in series with chlorided silver electrodes and 3 M KC1 agar bridges. Transepithelial electrical current was continuously monitored and displayed on a dual-pen recorder. The mean * standard error for the tissue conductance of all the preparations studied, prior to experimental manipulations, was 0.53 2 0.04 mmhocm--". The conductance of the bathing media in series with the tissues was 24 times larger (12.6 t 0.7 mmhocm-+), so that the data were not corrected for the solution resistances.
ENa was measured by a technique previously presented in detail (48). Na+ ions may be considered to be actively transported across the toad bladder through channels of electrical conductance K, by a Na+ pump of driving force ENa. Na+ and other ions may cross the tissue through parallel shunt channels of conductance KL. Although this simple equivalent circuit is satisfactory to meet the needs of the current study, considerably more elaborate equivalent circuits would be necessary to examine other aspects of transepithelial transport. In principle, the separate entry and extrusion processes through each of the different cell types of the surface epithelium could be represented by distinct circuit elements. However, any array of batteries and conductantes can be represented by a single battery in series with a single conductance (Thkvenin's theorem, ref. 45) .
Under these circumstances, ENa need not necessarily reflect, a single transport process. This simple circuit is not only convenient and formally correct, but is also appropriate for our present concerns, since ENa and KA appear to be experimentally dissociable parameters; under certain conditions, vasopressin can selectively increase (8) and amiloride can selectively decrease (48) KA, without measurably altering ENa.
For this circuit,
where K is the total tissue conductance, V is the transepithelial potential (serosa positive to mucosa), and 1 is the transepithelial current (positive from serosa to mucosa), In the short-circuited state,
Is + KL (2) whereI, is the short-circuit current; i.e., 1, = -I when V = 0. Processes or agents which selectively alter KA without changing KL or E Na will consequently produce a linear trajectory in the I, -K plane; the slope of the trajectory is (lIENa). As noted in DISCUSSION, vasopressin seems to constitute such an agent. Therefore, monitoring of the short-circuit current and conductance after addition of vasopressin permits estimation of ENa-
The current, responses of toad bladder to pulses of constant voltage are not necessarily square wave forms (4, 48). In practice, an averaging technique was used in order to measure the average current displacement during the lo-mV voltage pulses. The tissue conductance at a given time was calculated as the ratio of the average current displacement to the 10 mV. Linear regression of the Is -K data points was performed by the method of In many applications, the KolmogorovSmirnov test has been found considerably more sensitive than the chi-square test of goodness of fit (35) and is particularly powerful in analyzing small sample sizes (3). In each c ase analyzed (Tables l-3) , D was less than the tabulated critical value of the Kolmogorov-Smirnov statistic, at the 0.20 significance level. Therefore, the probability is *>20% that the data to be presented are characterized by t distributions, providing a rational basis for the application of the Student t test.
RESULTS
Aldosterone was added to the serosal side of the experimental hemibladder in one series of nine paired tissues. Insulin was added to the experimental serosal medium of another series of seven paired hemibladders. In both series of experiments, the following protocol was followed. After the paired tissues were mounted and a steady state attained, vasopressin was administered to the experimental and control tissues in order to measure ENa, KL, and K,, as described in METHODS.
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http://ajplegacy.physiology.org/ Downloaded from serosal solutions were then replaced 2 or 3 times with fresh Ringer solution. After a new steady state was attained, either aldosterone or insulin was administered to the experimental hemibladder, and solvent alone to the control. Either at the time of a peak hormonal response of short-circuit current or usually shortly thereafter, vasopressin was added once again to both tissues of the pair, in order to redetermine EN,, KL, and KA.
When added to the experimental tissue of eight paired hemibladders, aldosterone produced an absolute as well as relative increase in short-circuit current, the maximum response appearing after 113-134 min. In the ninth experiment (A9 , Table 1 ) of the series, aldosterone produced a large relative increase in short-circuit current, peaking after a similar lag time (112 min). In order to quantify the hormonal effect, the peak relative short-circuit current (.Tz/lJP was calculated both for the experimental side [(lz/ll)P]exD and for the control side w*/~l&m
Here, I2 and I, were the values of the shortcircuit current measured at the times of peak hormonal response and of aldosterone administration, respectively. Averaging the results of the nine experiments, the peak relative short-circuit currents were 1.4 t 0.14 and 0.78 t 0.082 for the experimental and control hemibladders, respectively. Thus, aldosterone exerted an unequivocal effect on the tissues studied.
In order to normalize the experimental to the control values measured for each tissue pair, the ratio (gIs), of the peak relative short-circuit currents was calculated, as previously (7); (gl,), = [v2/&L/KL/ I> 1 1 P con. Thus, [(gJ, -l] was the fractional peak change induced in Is by aldosterone; values of (gJ, greater than, less than, or equal to 1 indicate that aldosterone increased, decreased, or had no measurable effect, respectively, on Is. Averaging the results of the entire series, (gr,), was 1.8 t 0.13 (Table 1) .
Since the derived parameters (&, &, and ENa) were necessarily measured at the two times of vasopressin administration, it was necessary to quantify the relative changes in I, at those two specific times, as well. Therefore, another ratio (grs) was defined as (ZJZ&,/ v2mon; here, I, and I, were the values of IS measured just prior to the second and to the first administrations of vasopressin, respectively.
Since the second dose of vasopressin was not always added precisely at the time of peak response to aldosterone, (gr,) was not necessarily equal to (gls )p (Table 1) . The ratios <g,>, (gKL ), (gK, ), and (gENa ), analogous to (gr, ), were calculated for the other parameters of interest, as well.
Averaging these ratios for the entire nine experiments, aldosterone significantly increased both Zs and K, by 130%, without exerting any measurable effect on ENa (Table 1) .
In a second series of tissues, insulin increased the short-circuit current of the experimental preparation within 3.511 min, producing a maximal effect after 27-92 min, The hormone produced an absolute, as well as relative, increase in the short-circuit current of each of the seven treated hemibladders. Applying the above techniques of data reduction to these results, the peak relative short-circuit currents wer.e 1.45 t 0.031 and 0.95 k 0.047 for the experimental and control hemibladders, respectively. Averaging the fractional peak changes in Is, (g&, was 1.52 -+ 0.082 (Table 2 ). The relative changes at the 2 times of vasopressin administration before and after adding insulin were also quantified, as described above, for aldosterone. Using this approach, insulin was found to increase Is significantly by 100% and ENa by 20% (Table 2) . Although insulin also increased (g& by lOO%, the latter change was not statistically significant.
It should be noted that, if anything, insulin produced a slightly smaller increase in short-circuit current than did aldosterone, and that the experimental scatter in measurements of (gENa) was greater for the series treated with insulin (Tables 1, 2) . Therefore, the technique was sufficiently sensitive to have detected an increase in (g& following aldosterone comparable in magnitude to that following insulin.
In addition to the experiments performed with aldosterone and insulin, another experimental situation was also examined, serving as a further control of the basic experimental approach. Hypoxia produces cell swelling (32) as well a s altering the transport properties of toad bladder. Apart from other complex changes likely to be induced, it seemed reasonable to expect hypoxia to de-B. SIEGEL AND M. M. CIVAN crease ENa. Therefore, vasopressin was added 3 times as anticipated, a reduction in the rate of production of metabolic energy reduced the driving force of the Na+ pump, as measured by the present technique.
It will be appreciated that if the data analysis conforms to the formalism underlying this method of measuring ENa, the product (g& (gKA) should equal (gl,) . To examine this point, the parameter f was defined as kENa) kKAMgls) 7 and calculated for each of the three series of experiments.
The means -t-standard error for f were: 1.03 * 0.037 (for the series of Table l), 1.2 ? 0.22 (for the series of Table 2), 1.2 t 0.30 (for the series of Table 3 ), and 1.1 t 0.12 (for the combined three series of experiments). sequentially in order to measure the ENa of eight paired tissues before, during, and after delivering N, in place of room air to the experimental hemibladder for periods of 35-104 min. Since series as well as parallel controls were practicable in this last protocol, data reduction was performed slightly differently.
Once again (g,) was defined as (I,lI,),,,!(I&),,,, and I2 was the value of Is meas ured just before adding the second dose of vasopressin.
However, I1 was now taken to be the average of the two values of Is measured just before adding the first dose of vasopressin (before the period of hypoxia) and before adding the third dose (after aeration was restored). The ratios were calculated similarly for K, KL, KA, and ENa. In this third series of experiments, no separate entries were calculated for DISCUSSION Both aldosterone (9) and insulin (24) increase net Na+ transport across toad bladder. However, using the technique presented by Yonath and Civan (48), we have found that only insulin, and not aldosterone, increases the measured driving force of the Na+ pump, This datum is consistent with the inability of Saito and Essig (39) to detect an effect of aldosterone on ENa, using an independent technique; their calculations of ENa were based on measurements of electrical conductance and current and on estimates of KL from transepithelial tracer fluxes. Aldosterone has also been previously documented to reduce the resistance to Na+ movement through the active transport pathway of toad bladder (7, 39). The simplest, but not sole, interpretation of the results is that aldosterone acts primarily to enhance Na+ entry from the mucosal medium into the transporting cells, whereas insulin increases Na+ extrusion from the cells into the serosal medium, as well as possibly enhancing Na+ entry.
The fact that aldosterone produced no measurable increase in ENa might reflect two other possible mechanisms. First, as noted previously (7), aldosterone might increase the number of identical parallel channels available for active transport across toad bladder. Such an effect could arise either from activation of previously inactive cells in the surface epithelium or from recruitment of previously quiescent membrane patches within the plasma membranes of the same cells. Second, the data might reflect cellular heterogeneity of the mucosal epithelium.
For example, insulin and aldosterone might increase the ENa of two different parallel cell populations within the surface epithelium. If the test probe, vasopressin, were to increase Na+ entry only into the insulin-sensitive cells, the aldosteroneinduced increase in ENa could not be detected. Although this possibility cannot be dismissed, experiments on separated cell fractions suggest that vasopressin and aldosterone both act on the same cells (41).
The experimental technique used currently to measure ENa is based on the presumption that vasopressin increases Na+ transport across toad bladder specifically by enhancing Na+ entry into the transporting cells. To the extent that vasopressin might also directly increase E Na, the measured estimate would be falsely high. TO the extent that the hormones might also increase the (g ) I, p, since the second dose of vasopressin was always given at the time of peak hypoxic effect.
As presented in Table 3 , hypoxia significantly reduced I, by 81%, KA by 74%, and ENa by 25%. Therefore, (4, 6, 8, 23, 33, 34, 48) . Several reports (19, 26, 27, 30) have also suggested an additional direct action on the Na+ pump; however, for reasons already detailed (48), these reports have not provided unequivocal evidence in support of this concept. More recently, Finn (20, 21) has applied an internally consistent compartmental analysis to studies of radioactive Na+ efiIux from toad bladder, supporting a dual action of vasopressin.
However, the computer model is based on the assumption that Na+ can enter from, and return to, both bathing media from the Na+ transport pool. This assumption now appears questionable (31) In summary, hypoxia has been found to reversibly decrease E Na, further supporting the validity of the technique applied to measure ENam Using this approach, insulin has been observed to enhance ENa, demonstrating a direct action on the Na+ pump. Aldosterone increased short-circuit current without measurably enhancing E Na, consistent with the concept of a direct and selective effect on Na+ entry into the transporting cells. 
